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diffusion tensor imaging sequences. We used longitudinal processing streams to create 12 85 summary MRI metrics, including total gray matter (GM), cortical GM, subcortical GM, white 86 matter (WM), and lateral ventricle volume; mean cortical thickness; total surface area; 87 average gray matter perfusion, and average diffusion tensor metrics along principal white 88 matter pathways. We compared mean MRI values and variance at the old scanner location to 89 multiple sessions at the new location using Bayesian multi-level regression models. K-fold 90 cross validation allowed identification of important predictors. Whole-brain analyses were 91 used to investigate any regional differences. Furthermore, we calculated within-subject 92 coefficient of variation (wsCV), intraclass correlation coefficient (ICC), and dice similarity 93 index (SI) of cortical segmentations across scanner relocation and within-site. Additionally, 94
we estimated sample sizes required to robustly detect a 4% difference between two groups 95 across MRI metrics. 96 97 Results: All global MRI metrics exhibited little mean difference and small variability (bar 98 cortical gray matter perfusion) both across scanner relocation and within-site repeat. T1-and 99 DTI-derived tissue metrics showed < |0.3|% mean difference and < 1.2% variance across 100 scanner location and <|0.4|% mean difference and < 0.8% variance within the new location, 101 with between-site intraclass correlation coefficient (ICC) >0.80 and within-subject coefficient 102 of variation (wsCV) <1.4%. Mean cortical gray matter perfusion had the highest between-103 session variability (6.7% [0.3, 16.7], estimate [95% uncertainty interval]), and hence the 104 smallest ICC (0.71 [0.44,0.92]) and largest wsCV (13.4% [5.4, 18.1]). No global metric 105 exhibited evidence of a meaningful mean difference between scanner locations. However, 106 surface area showed evidence of a mean difference within-site repeat (between S2 and S3). 107
Introduction 126
The importance and interest in magnetic resonance imaging (MRI) techniques to glean 127 information about the state of the brain in health and disease cannot be understated. However, 128 in order to provide useful information for researchers and clinicians, it is imperative that 129 MRI-derived metrics are accurate and reproducible. Encouragingly, measures of cortical 130 thickness and gray matter volume derived from T1-weighted MRI, resting arterial spin 131 labeling (ASL) perfusion imaging, and diffusion tensor imaging (DTI) metrics generally 132 report good reproducibility and reliability (Boekel et during the move, we were unsure of the influence the move and new scanning environment 171 would have on an established neuroimaging protocol. Thus, in this study we assessed the 172 reliability and reproducibility of three MRI modalities (T1-weighted, PCASL, and DTI) 173 across scanner relocation. Specifically, we compared both global and regional MRI values 174 and variance at the old scanner location to multiple sessions at the new location. Furthermore, 175 using the variance observed in these global MRI metrics, we estimated sample sizes needed 176 to robustly detect a 4% difference between two groups across the various MRI metrics. 177 178
Material and Methods 179
Twenty healthy volunteers (12 females, mean age (standard deviation) = 41 (11) years, age 180 range [25 -66]) provided written informed consent. Participants completed three MRI 181 sessions. The first session (S1) occurred one week prior to scanner relocation; the second 182 (S2) occurred nine weeks after S1 and at the new location, while the third session (S3) 183 occurred 4 weeks after S2. This design allowed us to investigate variability associated with 184 moving the scanner (S1-S2), as well as standard between-session test-retest reliability (S2-185 S3). 186
Magnetic Resonance Imaging acquisition 187
Imaging was conducted on a 3T General Electric HDxt scanner (GE Healthcare, Waukesha, 188 USA) with an eight-channel head coil. The following images were acquired at each session 189 (S1, S2, and S3), per previous work ( 
Structural MRI processing 210
To extract estimates of cortical thickness, surface area, and volume, T1-weighted images 211 were processed using the longitudinal stream in Freesurfer (v6.0.0; 212 http://surfer.nmr.mgh.harvard.edu/) (Reuter et al., 2012 ). An unbiased within-subject 213 template space and image (Reuter and Fischl, 2011) were created using robust, inverse 214 consistent registration (Reuter et al., 2010) . Further processing included skull stripping, 215
Talairach transforms, atlas registration as well as spherical surface maps and parcellations, 216 which were initialized with common information from the within-subject template. We 217 extracted global metrics (mean cortical thickness, total surface area, total gray matter (GM) 218 volume, cortical and subcortical GM volume, total white matter (WM) volume, and lateral 219 ventricle volume) in each participant at each timepoint; regional thickness and surface area 220 were extracted from the Desikan-Killiany Freesurfer parcellations at each timepoint (Desikan 221 et al., 2006) . To facilitate whole-brain investigation of regional test-retest reliability, we 222 created difference maps normalized to S2 ((S2-S1)/S2-between site difference; and (S2-223 S3)/S2-within-site difference) which were warped to fsaverage space and smoothed with a 224 circularly symmetric Gaussian kernel across the surface with a full width at half maximum of 225 10mm. Hippocampal volume was calculated using the longitudinal hippocampal subfield 226 segmentation stream (Iglesias et al., 2016) . 227
In addition to the surface-based Freesurfer processing, we also calculated global T1 228 and PCASL-derived metrics using a volumetric, voxel-based approach using CAT12 (r934, 229 http://www.neuro.uni-jena.de/cat/), a toolbox of SPM12 (v7912, 230 http://www.fil.ion.ucl.ac.uk/spm/); see Supplementary Methods). 231 232
PCASL processing 233
At each timepoint, quantified cerebral blood perfusion images were co-registered to the 234 structural image using Freesurfer's bbregister (with default values). These registration 235 parameters were combined with the structural longitudinal warping parameters to register the 236 perfusion image to the within-subject template. To account for any remaining mis-alignment, 237 perfusion images were smoothed (using FSL, with sigma=2). Global, regional cortical (from 238
Desikan-Killiany parcellation after projection onto the cortical surface), and subcortical 239 perfusion values were extracted for each subject at each timepoint. We also created 240 normalized difference maps ((S2-S1)/S2 and (S2-S3)/S2) that were warped to fsaverage 241 space. 242 243
DTI processing 244
Preprocessing was performed similarly to previous longitudinal DTI studies using FSL 245 timepoint, this included motion-and eddy current distortion-correction; rotation of the b 247 matrix accordingly; motion quantification via root mean square deviation between each pair 248 of realigned diffusion images and averaging over all pairs to create a single, 'relative' motion 249 metric; smoothing (using fslmaths with a 1 voxel box kernel and -fmedian flag), which has 250 been shown to increase reliability (Madhyastha et al., 2014); brain extraction; and fitting a 251 diffusion tensor to produce fractional anisotropy (FA), mean diffusivity (MD), axial 252 diffusivity (AD, the principal diffusion eigenvalue), and radial diffusivity (RD, the mean of 253 the second and third eigenvalues) images. For each participant, we used mri_robust_template 254 (Reuter et al., 2012) (part of Freesurfer) to create an unbiased, within-subject FA median 255 template as well as robustly registering FA/MD/AD/RD images from S1, S2, and S3 to this 256 within-subject template. The within-subject FA template was then entered into a tract-based 257 spatial statistics (TBSS; Smith et al., 2006) analysis to create the group-wise FA skeleton 258 (thinned at FA>0.25), representing the centers of all tracts common to all participants. 259
Midpoint-space registered FA images (S1, S2, and S3) were projected onto the skeleton to 260 create FA skeletons containing S1, S2, and S3 values. Using the transforms derived from the 261 FA procedure, we created separate MD, AD, and RD skeletons at each timepoint. were extracted for each participant at each timepoint. Lastly, we created normalized 265 difference maps along the skeleton ((S2-S1)/S2 and (S2-S3)/S2) for each DTI metric. 266 267
Statistical analysis 268

Global MRI metric analysis. 269
We assessed each of 12 global metrics independently for reliability: total GM, cortical GM, 270 subcortical GM, total WM, and lateral ventricle volume; average cortical thickness and total 271 surface area; average cortical perfusion; and average FA, MD, AD, and RD along the 272 skeleton. Bayesian models were used for analysis and were fit using the 'brms' (v2.9.0) 273 package (Buerkner, 2017; Carpenter et al., 2017) in R (v3.6.2). In each model, four chains 274 with 10000 iterations each were used to generate posterior samples. In the baseline model an 275 intercept, varying intercept by subject, session (referenced to S2, the first scan at the new 276 location), and between-session variance by subject were included. To determine if allowing 277 between-session variance to differ between the scanner relocation and within-site repeat was 278 useful at explaining variance in the data, we performed model comparison using k-fold cross 279 validation to estimate the expected log pointwise predictive density (ELPD) (Vehtari et al., 2017 ). The initial model fit (which included a constant variance across all sessions) was 281 compared to a second model in which variance was allowed to vary between the scanner 282 locations. A higher ELPD indicated the model provided a better fit to the data. The standard 283 error in the difference of the ELPD between models gave a measure of the uncertainty. When 284 the difference in ELPD was increased by at least twice the standard error of the estimated 285 difference, we took this as reasonable evidence that the better-performing model should be 286 preferred. ELPD values are reported relative to the initial model (where variance across 287 scanner location was held constant). In order to account for the multiple models and 288 comparisons used to investigate the 12 global metrics, we included a student t prior to shrink 289 estimates in all models, thereby reducing the potential multiple comparisons issue (degrees of 290 freedom = 3, mean = 0, standard deviation = 0.5% of the average of the specific MRI metric 291 at S2). 292 293
Regional analysis 294
We investigated regional test-retest reliability in two ways. First, we plotted regional 295 thickness, surface area, perfusion, and all diffusion metrics to visualize variability across 296 scanner relocation and within-site repeat. Secondly, we used one sample t-tests of difference 297 images to investigate any significant differences between (S2-S1) or within-site (S2-S3) 298
repeat. For all metrics, we investigated four contrasts (S1>S2, S1<S2, S3>S2, and S3<S2). 299
For thickness, surface area, and perfusion, we used Freesurfer's permutation-based cluster-300 wise correction for multiple comparisons (5,000 permutations, cluster forming threshold of p 301 < 0.0001, corrected p<0.00025, (Greve and Fischl, 2018) ). All voxel-wise DTI comparisons 302 were performed using a permutation-based inference tool for nonparametric thresholding 303 (FSL's "randomise" (Winkler et al., 2014) ). For each contrast, the null distribution was 304 generated over 5,000 permutations and the alpha level set at p <0.00025, corrected for 305 multiple comparisons (family-wise error correction using threshold-free cluster-enhancement 306 (Smith and Nichols, 2009) 
Additional test-retest metrics 311
To further investigate reliability, we also calculated within-subject coefficient of variation 312 (wsCV) (Bland and Altman, 1996) 
Results 330
One of 20 participants (12 females, mean age (standard deviation) = 41 (11) years, age range 331
[25 -66]) did not complete S3, leaving a total of 59 imaging sessions. No structural or 332 PCASL images were excluded, however three DTI datasets (from two subjects) were 333 excluded due to excessive motion (defined as mean relative motion greater than three times 334 the standard deviation of the group). 335
We observed no evidence of a difference in mean MRI metrics between scanner locations, 336 however there was evidence that SA varied within-site (from S2 to S3). Figure 1 and Table 1  337 present global MRI metrics across sessions. Across all MRI metrics, there was no indication 338 that allowing between-session variance to be different between scanner locations improved 339 the model fit (Table 2) . That is, we found no evidence of a systematic difference in variance 340 pre-or post-relocation. Furthermore, ICC was high and within-subject coefficient of variation 341 was low across all metrics (Table 1) . 342 
Global results 362
All T1-derived metrics demonstrated excellent reproducibility and reliability across scanner 363 relocation and within-site repeat ( difference in SI between cortical segments at S1 or S3 relative to S2. While we estimated a 368 0.0% change [-0.3, 0.3] in SA between scanner relocation, we did observe a 0.3% [0.1, 0.6] 369 increase in SA across the within-site repeat (S3>S2). 370 371 3.1.2 Regional results 372 
Global results 379
Average cortical gray matter perfusion had the highest magnitude between-session 380 variability, both between sites and within-site (Table 1, Figure 1 ). Consequently, there was no 381 evidence of a significant systematic difference in mean signal nor any difference in variance 382 between sites or for the repeat. 383
Regional results 384
Regional cortical and subcortical mean perfusion values across sessions are presented in 385 supplementary figures 4 and 5, respectively. We identified no areas of significantly different 386 perfusion across the cortex between scanner relocation or within-site repeat. 387 388
DTI results 389
Global results 390
DTI metrics were highly reproducible and reliable. Figure 1 also shows relative skeletal FA, 391 MD, AD, and RD across the three scanning sessions. We observed estimated mean difference 392 between sites and variability between scanner relocation and within-site repeat to be <0.3% 393 for all metrics (Table 1) . 394 395 3.3.2 Regional results 396 Regional DTI metrics from white matter tracts are presented in supplementary figures 6-9. 397
Corrected voxel-wise analyses along the white matter skeleton showed no differences in DTI 398 metrics between relocation or within-site repeat. 399 400 difference at the old scanner location (S1), as a percentage of the reference population 407 estimate (the new scanner location, S2); this quantifies the mean difference due to scanner 408 relocation. The 'Repeat' population estimate quantifies the mean difference between a repeat 409 scan at the new location (S3), relative to the first session at the new location (S2). PreMove 410 between-session variability quantifies the standard error between S1 and S2, as a percentage 411 of the population estimate; repeat variability quantifies S2 and S3. 95% uncertainty intervals 412 are reported for population estimate, between-session variability, and ICC; 95% confidence 413 intervals are reported for wsCV. Note, Total GM, cortical GM, subcortical GM, WM, 414 ventricular volume, and SA were normalized to intracranial volume for calculation of ICC. 415 AD=axial diffusivity, FA=fractional anisotropy, GM=gray matter, ICC=Intraclass correlation 416 coefficient, MD=mean diffusivity, RD=radial diffusivity, WM=white matter, wsCV=within-417 subject coefficient of variation. 418 -78 ± 7.5 -0.5 ± 3.9 AD -347 ± 5.8 -1.3 ± 1.4 RD -351 ± 5.4 -1.8 ± 1.9 ELPD +/-standard error. A positive difference indicates a better fit than the baseline model 420 and a negative difference, a worse fit (generally indicating overfitting). When this difference 421 is greater than twice the standard error, there is reasonable evidence the better-performing 422 model should be preferred. In all cases there was no strong evidence that a model that 423 allowed a predictor for each session or the between-session variance to be different improved 424 the model fit, and in many cases there was evidence that the simpler model was preferred. Necessary sample size to detect a 4% difference between two independent groups given the 443 observed variance in different global MRI metrics, at 80% power, and a 2-sided 0.05 level of 444 significance. AD=average skeletal axial diffusion, RD = average skeletal radial diffusivity, 445 MD = average skeletal mean diffusivity, CTh = average cortical thickness, SA = total surface 446 area, .ICV = indicates that the metric has been divided by intracranial volume, TotGM.Vol = 447 total gray matter volume, FA = average fractional anisotropy, Cortical.Vol = total cortical 448 gray matter volume, WM.Vol = total white matter volume, Subcort.Vol = total subcortical 449 volume, CBF = average cortical gray matter perfusion. Note: Lateral ventricular volume has 450 been excluded from this plot as the necessary sample size (2686) was too large to 451 appropriately display on the same axes. 452 453
Volume-based processing results 454
Test-retest reliability of the four global metrics processed using volumetric, CAT12-derived 455 processing are presented in Supplementary Figure 10 and Supplementary Table 1 . As with 456 the surface-based processing, we found no evidence of a systematic difference in variance 457 pre-or post-relocation (Supplementary Table 2 ). Of the four metrics derived using CAT12 458 processing, only WM volume exhibited evidence for a small difference in mean volume (-459 0.5% [-0.9, -0.04]) between scanner locations (see Supplementary Results) . 
Discussion 462
An MRI scanner we use for ongoing longitudinal research was relocated from a private 463 radiology clinic to a new hospital. In this study, we showed that structural, perfusion, and 464 diffusion MRI metrics showed good to excellent reproducibility and reliability both globally 465 and regionally. We observed no evidence for a systematic difference in mean signal (bar a 466 small change within-site for total SA) nor any difference in variance across scanner 467 relocation or within-site repeat. Both between-site and within-site test-retest metrics for 468 volume, thickness, and surface area-including mean difference, ICC, wsCV, and SI-were 469 equivalent or higher to those reported in the within-site literature (Eggert et al., 2012; Iscan et 470 al., 2015; Jovicich et al., 2013; Madan and Kensinger, 2017) , which suggests that these 471 structural MRI metrics are not necessarily compromised by relocation of the MRI scanner. 472
While we were not necessarily powered to investigate regional variability, we did so 473 in a conservative manner. Neither vertex-based nor voxel-based analysis revealed any region-474 specific variation between-site or within-site. Our global results suggest there was no global 475 bias as a consequence of the scanner relocation; these regional results, supported by 476 supplementary figures 1-9, suggest that there were also no additional region-specific 477 differences in test-retest reliability. 478
Mean perfusion from the PCASL acquisition had the highest between-session 479 variability, and hence the smallest ICC and largest within-subject coefficient of variation. 480
This variability may be associated with the nature of the PCASL acquisition; the 481 measurement is a result of a difference image, which is susceptible to motion and low signal 482 to noise ratio (Alsop et al., 2015; Dai et al., 2008) . Additionally, this high variability likely 483 reflects the more functional nature of perfusion imaging. As opposed to structural metrics, 484 such as T1 or diffusion MRI, perfusion imaging is capable of capturing differences associated 485 with short term brain state. This is both an advantage and a challenge. For example, scanning 486 with eyes open versus eyes shut produces large perfusion differences in the visual cortex. 487
Here, we asked participants to close their eyes; however, we did not monitor compliance. 488 Circadian rhythm has also been shown to associate with cerebral perfusion (Hodkinson et al., 489 2014) . We therefore attempted to scan participants at the same time of day over the three 490 sessions, but there were situations where this was not practical. Both chronic and acute 491 caffeine intake can change perfusion values by up to 24% (Clement et al., 2018) . Acquisition 492 at different times of day, with varying levels of caffeine intake, in addition to any of the other 493 58 documented perfusion modifiers-like levels of drowsiness (Poudel et al., 2012) , changes 494 in mood, alcohol use, and temporal proximity to physical exercise-may help explain the 495 surprisingly high PCASL variability (Clement et al., 2018) . This greater variability suggests 496 that larger effect sizes or larger sample sizes are required in order to identify effects of 497 interest, and that subtle effects may be extremely difficult to identify robustly with PCASL. 498
Despite the higher variability of PCASL relative to T1-and DTI-derived metrics, the 499 technique still exhibits much better reliability than both task-fMRI and fMRI-based Calculated sample sizes required to robustly identify a 4% difference between two 525 groups varied widely, depending on MRI metric (Figure 2 ). For example, in order to show a 526 4% difference in cortical gray matter perfusion, groups of 362 participants per arm would be 527 needed; for the same mean difference, only 23 participants per group would be needed for average FA and only 9 per group for cortical thickness. These dramatically different sample 529 size requirements further highlight the real-world consequences of metrics exhibiting higher 530 variance. The surface-based (Freesurfer) and volume-based (CAT12, Supplementary Material) 549 processing streams showed very similar results. For example, the population estimate, mean 550 difference, and between-session variability were virtually identical for both estimates of total 551 GM volume and average GM perfusion. However, we observed a small effect of scanner 552 relocation for CAT12-processed WM volume (0.5% [-0.9, -0.04]), but the difference for 553
Freesurfer-derived WM volume between sites (0.2% [-0.9, 0.4]) did not meet our statistical 554 threshold. Freesurfer-derived metrics required smaller sample sizes per group than the 555 equivalent CAT12-derived metrics (Supplementary Results). Freesurfer-derived total GM 556 volume divided by ICV required n=19 per group to robustly identify a 4% difference between 557 groups, while the CAT12-derived equivalent required n=45 per group, a 2.4-fold increase. 558
This suggests that the longitudinal Freesurfer pipeline allows for smaller sample sizes 559 (Supplementary Discussion) . 560
There may be instances in the future when a scanner needs to be relocated. Here we 561 provide an indication of what scanning changes can be expected. With appropriate vendor support and re-commissioning of the scanning environment (re-shim), we have shown that 563 MRI change between relocation appears equivalent to within-site test-retest reliability. 564
Beyond relocation, we provide estimates of test-retest reliability (both mean and variance), 565 which allows others to estimate variance of specific metrics, facilitating power analyses. This 566 manuscript also reinforces the robustness of T1 and DTI metrics, but highlights the high 567 variability of cortical perfusion. This is important to consider when comparing the relative 568 importance of structural versus PCASL-based investigations and the influence these have on 569 interpretation of results. Despite this higher variability for the PCASL acquisition, it still 570 compares favorably to task-fMRI and functional connectivity in terms of reliability. 571
In this work, we investigated the effect of MRI scanner relocation on the reliability of 572 global and regional MRI metrics derived from structural, perfusion, and diffusion 573 acquisitions. Cortical gray matter perfusion was the most variable metric investigated, with 574 all other metrics showing substantially less variability. We observed no evidence for a 575 systematic difference in mean signal or variance between-site or within-site repeat (bar a 576 small SA mean difference within-site). These results suggest that when all other parameters 577 are held constant (e.g., sequence parameters and MRI processing), the effect of scanner 578 relocation is small, but may need to be considered depending on the question at hand. 579 580 Acknowledgements 581
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